Many different beam dynamics simulation techniques and codes will be used during commissioning of the SSC Linac. As commissioning progresses, these techniques and codes will be developed, improved, tested and integrated into the linac control system. When the initial commissioning is finished, the control system will include a solid basis of simulation capability for normal operational use and periodic tuneup. For instance, some of the procedures that must be supported during both commissioning and normal operation are matching, steering, acceptance scanning, RF tuneup and emittance measurements. These all require simulation capability that should be easily available to the operator in a form that: 1) takes its input directly from linac diagnostics; 2) is immediately useful without sophisticated analysis; and 3) produces whatever output is best suited for the task at hand, be it a graphic on a screen or a control signal to an actuator.
I. INTRODUCTION
Beam dynamics simulation of the SSC Linac can be divided into two major categories. These are on-line and offline simulation, with some overlap between them. On-line simulation uses capabilities built into the accelerator control system. Its main purpose is to monitor, test and adjust the accelerator during actual operation. Off-line simulation, using computers separate from the control system, has several purposes. It is used for design, parameter and error studies. Another important function is to generate performance predictions that can be compared with experimental measurements to verify both the beam dynamics codes and the accelerator models that have been used in those codes. Offline simulation is also an essential tool to track down and correct errors in design, manufacture, installation, adjustment and operation, and to generate simulated "data" to develop and check on-line simulation capability.
No beam-dynamics code can do a good job unless its model of the accelerator is reasonably accurate. Our models start with the SSC Linac design configuration, are modified within or outside the specified tolerances for error studies, and will be corrected by measurements of the actual as-manufactured assemblies as these measurements become available.
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0-7803-1203-1/93$03.00 0 1993 IEEE computer requirements. Given limited time and resources, how does one choose the "best" beam dynamics code for a particular simulation need? An important criterion is familiarity. It takes time and practice to learn the correct use of complicated codes, to understand their physics and to know their limitations. The codes mentioned in this paper are those we presently anticipate using; we believe they will do the job and we have experience with them. Many other good codes are available to us and no doubt we will add some of these to our arsenal as we perceive the requirements.
BEAM DYNAMICS SIMULATION CODES FOR ON-AND OFF-LINE ANALYSIS

A. Matrix Codes
These codes are fast and easy to use, but usually cannot calculate second-order effects or those due to non-uniform, non-elliptical or non-symmetric beam charge distributions. The well-known user-friendly matrix optics codes TRACE2D and TRACE3D [l] are used for preliminary design, for instance to set up beamline geometry in matching sections or LEBTs. They provide quick calculations of focusing, matching, phase advances, beam parameters, etc. TRACE physics is used in two specialized codes, PARTRACE [2] and CCLTRACE [3], used for error studies in, respectively, the DTL (Drift-Tube Linac) and the CCL (Coupled-Cavity Linac). TRACE has proven quite useful in our work. We plan to integrate the TRACE physics and user interface into many of our on-line simulation and control functions.
B . Ray-tracing Codes
AXCEL [4] has been used for design and analysis of the einzel lens LEBT (Low-Energy Beam Transport) between the ion source and the RFQ (Radio Frequency Quadrupole). The code has axial symmetry and a limited set of input beam parameters. It calculates space-charge effect.
C. "Particle-pushing" codes
SSCL is using several codes in the PARMTEQ family. These codes transport particles through elements of a beamline, such as RFQ or DTL cells. A similar code, CCLDYN [7] , is used to simulate CCL beam dynamics. Most of these codes have been modified in one way or another to model unique features of the SSC Linac. Other particletransport codes used at SSCL for certain special problems are HESQT [8], BUCKSHOT [9], and ARGUS [lo] . Multiparticle codes usually have long running times and are not suitable for integration into the on-line system except in a few special cases such as a single-particle version of PARMILA used for some steering and RF power setting algorithms.
D. Beam Analysis Codes
These are included here for completeness although they are not strictly simulation codes. We use two codes to analyze experimental data from the slit-and-collector beam emittance diagnostics. They are a code that resides in the TACL accelerator control system [ 111 and gives a preliminary on-line analysis of the collected data so that the operator may judge its quality; and REANE [12] , an off-line analysis code with many special features. REANE has been modified by the SSC Linac Group to allow more flexibility in data analysis and to enable it to run on any UNIX platform with X11 X-Window capability. REANE input files generated by the TACL-based analysis code can be used to produce a file of particle coordinates for use in the PARMTEQ-PARMILA codes; thus these beam analysis codes have become part of the simulation support effort.
E. Codes for Setting RF Phase and Amplitude
Accurate setting of RF power phase and amplitude in each tank is essential to maintain beam quality. Procedures for achieving this include the absorber-collector phase-scan, and the At [13] method. Both of these have proven very useful in other accelerators, and we will try a new method [14] called "least-squares" that calculates correct RF setting and actual input beam energy by minimizing the difference between measured and calculated beam output phase over a range of input beam energy and RF parameters. In preparing for commissioning, we are simulating each of these methods [ 151 off-line and intend to have them available in the control system. Phase scans and At are inherently on-line methods. Least-squares requires more computation and may be done "semi-off-line'' on a separate computer, but is reasonably fast.
F. Special-Purpose Codes
A number of small codes, both on-and off-line, will be available for purposes such as steering, emittance calculations from beam envelope measurements, and so forth.
CODES FOR SPECIFIC LINAC SECTIONS
A. IonSource
Ab-initio calculations of ion source output have not been used at SSCL because our sources are designed and built at other institutions. We have relied on beam measurements (which have certain complications and difficulties) or standard types of inputs such as waterbag, gaussian, etc. to provide the LEBT input in our calculations. SSCL has two types of Hsources, magnetron and volume. The magnetron source [16] produces a divergent ion beam from a small aperture; the beam is fairly well characterized by a uniform angular distribution. The volume source [17] has a larger aperture and a more parallel beam. The distribution of ions across the aperture may not be uniform. There is a large electron component that must be removed by a spectrometer magnet a few centimeters from the aperture, which complicates the space-charge calculation and bends the ion beam slightly. The result is a non-uniform, non-symmetric beam. Eventually we expect to improve the extraction aperture and spectrometer design through beam-dynamics calculations, but for now we randomly sample the REANE input experimental data file to construct a file of input particle coordinates for the particlefollowing codes.
B. Low Energy Beam Transport
An einzel lens LEBT is presently being used in the SSC Linac and is producing a beam that is quite satisfactory for near-term goals [18] . The AXCEL code has been used for design and calculation of this lens. AXCEL has axial symmetry and therefore cannot accommodate input beams generated from experimental volume-source data, but it has been useful in showing how various symmetric beams respond to changes in electrode voltage. Transport of volume-source beams through the einzel lens could be calculated with a particlefollowing code such as BUCKSHOT or ARGUS, but because of time constraints this has not yet been done. The main purpose of LEBT beam-dynamics calculations is to provide the RFQ with a beam that will result in maximum transmission of accelerated beam. For the einzel lens, this goal can easily be realized during RFQ operation by trial-and-error adjustment of two high-voltage DC power supplies for the focusing electrodes, and four power supplies for steering; steering and focusing are weakly coupled as long as steering is small.
Two other candidates for the SSC LEBT are the Electrostatic Quadrupole (ESQ) [19] and Helical Electrostatic Quadrupole (HESQ)
[20] geometries. These are more complicated than the einzel lens, but are expected to provide better quality beams to the RFQ. Beam dynamics of these lenses can be calculated by TRACE, PARMILA, ARGUS and (for the HESQ) by DEEPRAP. Calculations are essential to determine proper steering and focusing voltages for these LEBTs because of the large number of power supplies; the HESQ, for instance, requires twelve DC power supplies, of which eight are used for both steering and focusing and four for focusing only. Optimizing the beam by trial-and-error would be a difficult (if not impossible) task; on-line simulation will be required.
C. RFQ
RFQ simulation at SSCL is handled almost entirely by variations of the PARMTEQ code and its associated support codes. The main exception is matching, done with TRACE.
The code used at SSCL is adapted from an older Los Alamos National Laboratory version. SSCL's code was revised to include the higher-order multipole expansion of the vane tip field; the older LANL version had only the original "twoterm" field. This revision was done so that the SSCL version can accurately simulate the SSC RFQ, which was designed at LANL using a similar multipole treatment. These codes are based on a "z-dependent" treatment of the particle dynamics; there is also a "t-dependent" version of PARMTEQ that was furnished to SSCL by Chalk River Laboratories. The latter code also has a version of the multipole treatment. Both versions give approximately the same results on test problems. 
D. DTL and Matching Sections
TRACE3D and PARMILA are the codes most used for beam-dynamics design and calculation of the drift-tube linac, the RFQ-DTL matching section, and the DTL-CCL matching section. Error studies generally use PARTRACE. Specialized versions of single-and multi-particle PARMILA are used in off-line steering, matching and RF power setting simulations; TRACE will be the principal physics package for on-line simulations of these sections. PARMILA has been modified to include focusing-magnet high-order multipoles.
Phase-scan will be used for setting the RF phase and amplitude in the matching section bunchers. Phase-scan on bunchers requires no simulation capability because the 90° phase point and voltage can be determined directly from beam phase measurements. This technique is also good for preliminary RF adjustment on DTL tanks but requires longitudinal beam-dynamics simulation. This has been done for the SSC DTL,. Results indicate that (assuming an accurate model) phase-scan can get "in the ballpark" but a more sophisticated technique is required for final adjustment of RF power. The At method is one such; simulation capability for At will be provided in the control system. At will not work on the first DTL tank, because this method requires measurement of the beam throught the tank with the RF off, and the beam not only debunches but goes unstable. The least-squares method has been tested repeatedly with simulated noisy "data" and has worked very well with all SSC DTL tanks. This method provides a direct calculation of measurement errors in RF phase and amplitude and in input beam energy.
E. CCL
For the coupled-cavity linac, we use TRACE3D, CCLDYN and CCLTRACE. Steering and matching off-line simulations will be done with both TRACE and single-and multi-particle CCLDYN, error studies mostly with CCLTRACE, and on-line simulations by TRACE. The At method will be used for RF settings. The least-squares method will probably be used as well; however, it has not yet been simulated for the CCL. CCLDYN has been modified to include focusing-magnet high-order multipoles and the "Yurij Effect" [22] .
IV. CONCLUSIONS
A variety of beam-dynamics simulation codes (and the expertise for their use) are available at the SSCL. Some codes will need to be modified and others created to satisfy the particular requirements of the SSCL. Altogether, we expect to have quite effective simulation capability and support for commissioning and operation of the SSC Linac.
